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Figure 3.3.3. ESEM image of Graphite Fakes after Ball Milling 










































































3?#-$.)! .&)/'0(#M! 9:!&T:9-/#2&7!#'7!=/--&7!4%#>6/2&!1#=>-&1!$#1! /'0&12/4#2&7!$/26!m8@*! !mD
R#3! 86929&-&(2%9'! @>&(2%91(9>3! [m8@\! $#1! 9I2#/'&7! :%9=! #! 8631/(#-! <-&(2%9'/(1! 8W]! AFZZ!
<@;J!1312&=*! !J!'9'D=9'9(6%9=#2/(!?4!195%(&! [$/26!#!j BaU!$#0&-&'426!#2!BUAE*G!&X\!$#1!
51&7!$/26!#!2#M&D9::!#'4-&!9:!FA!7&4%&&1*!!+#2#!$&%&!(9--&(2&7!I3!#!=5-2/D(6#''&-!7&2&(29%!$/26!
#'!N='/!X]! -&'1!#11&=I-3*! !)6&! /'12%5=&'2!$#1!9>&%#2&7!$/26!#!>#11!&'&%43!9:!_E*_Z!&X!:9%!
15%0&3! 1(#'1! #'7! U_*EA! &X! :9%! %&4/9'#-! 1(#'1*! ! J--! >&#M1! $&%&! %&:&%&'(&7! 29! #70&'2/2/951!
(#%I9'! #2! USF*G! &X*! ! @&=/! `5#'2/2#2/0&! #29=/(! (9'(&'2%#2/9'1! $&%&! (#-(5-#2&7! 51/'4! >%&D
7&2&%=/'&7!1&'1/2/0/23!:#(29%1*!!m8@!1#=>-&1!$&%&!>%&>#%&7!I3!#>>-3/'4!26&!4%#>6/2&!7/%&(2-3!29!
795I-&!1/7&!(9>>&%!2#>&!9'!#!12#/'-&11!12&&-!125I*!Y/0&!29!1&0&'!7#2#!>9/'21!$&%&!(9--&(2&7!#'7!
26&! #0&%#4&! 0#-5&1!$&%&! (#-(5-#2&7*!O6&'!#! 1#=>-&! (9'2#/'&7! (9'2#=/'#2&1! 15(6!#1!u%a!@/a!
#'7!J-a!26&!9T34&'!(9'2&'2!9:!26&!1#=>-&!$#1!%&(#-(5-#2&7!#115=/'4!26&1&!(9'2#=/'#2&1!$&%&!
u%NUa!@/NUa!#'7!J-NB*A*!!
L#1&7! 9'! 26&1&! 7#2#a! 26&! %#2/9! 9:! 9T34&'V(#%I9'! [NV;\a! '/2%94&'V(#%I9'! [QV;\a! #'7!
15-:5%V(#%I9'! [@V;\! $&%&! (#-(5-#2&7*! )6&! :/%12! 2$9! /'7/(#2&! 26&! >%&1&'(&! 9:! :5'(2/9'#-! 4%95>1!
$6/(6!(9'2#/'!9T34&'!9%!'/2%94&'*!)6&!@V;!%#2/9! /'7/(#2&1!26&!&T/12&'(&!9:!15-:5%/(!#(/7a!$6/(6!
$#1! /'2&%(#-#2&7! /'29! 26&! #1D%&(&/0&7! 4%#>6/2&! >-#2&-&21! W2R.&$ ?! 169$1! 26&! m8@! 7#2#! $6/-&!
K+3Q"&$?C!169$1!26&!NV;a!QV;a!#'7!@V;!%#2/91*!)6&1&!7#2#!%&0&#-&7!26#2! 26&!7/#=&2&%!#::&(21!
26&!:5'(2/9'#-/23!9:!4%#>6/2&!>-#2&-&21!$6/-&!26/(M'&11!79&1!'92*!;#-(5-#2/9'1!169$!26#2!26&!&74&!
#%&#! 9:! :-#M&! =#2&%/#-1! /'(%&#1&1! 1/4'/:/(#'2-3! $6&'! 26&! 7/#=&2&%! I&(9=&1! 1=#--a! $6/-&! /2! /1!
#::&(2&7!0&%3!-/22-&!I3!26/(M'&11!9:!26&!>-#2&-&21a![K+3Q"&$??\*!)6/1!15>>9%21!26&!m8@!%&15-21*!)651a!









!! ;! N! Q! @! u%! Q# @/! J-! Nr! NV;!
W&#2D&T:9-/#2&7!P%*! _G*SC! E*BE Z*ZZ Z*ZZ Z*ZZ Z*ZZ Z*ZZ Z*ZZ E*BE! Z*ZEUF!
W&#2!#'7!?/--&7!P%*!_E*AZ! G*BF Z*ZZ Z*ZZ Z*UU Z*ZZ Z*BC Z*ZZ A*EC! Z*ZACA!
?OD&T:9-/#2&7!P%*! _G*C_! E*UB Z*ZZ Z*ZZ Z*ZZ Z*ZZ Z*ZZ Z*ZZ E*UB! Z*ZEEU!


























































J!'9'D-/'&#%! -&#12! 1`5#%&!(5%0&! :/22/'4! %952/'&!$#1!51&7! 29! /'2&%>%&2! 26&!(#%I9'a!'/2%94&'a!#'7!
9T34&'!>&#M1! /'29! :5'(2/9'#-!4%95>1a!$6/(6!&T/12!9'!4%#>6/2&!1#=>-&1*!Y/%12a!>%&-/=/'#%3! :/22/'4!
:9%! NB1! (5%0&1! $#1! =#7&! #'7! 26&! %#2/9! 9:! 2$9! 23>&1! 9:! 9T34&'! $#1! 7&2&%=/'&7*! )6&'! 26&!
(#%I9'!;B1!#'7!QB1!(5%0&!:/22/'41!$&%&!=#7&!29!1&>#%#2&!26&1&!(5%0&1!/'29!1&0&%#-!:5'(2/9'#-!
4%95>! (#2&49%/&1*! J'! #13==&2%/(! P#511/#'D"9%&'2,/#'! =/T&7! I#'7! 16#>&! >%9>91&7! I3!
@6&%$997! et al.! hUUaUEi! $#1! 51&7! 29! :/2! 26&! (5%0&1*! L&(#51&! 9:! 26&! 4%#>6/2/(! '#25%&! 9:! 26&!
4%#>6/2&! =#2&%/#-1a! #'! &T>9'&'2/#-! 2#/-! :&#25%&! $#1! :95'7! '&(&11#%3! :9%! ;B1! USF*F&0! (5%0&*!










:5'(2/9'#-! 4%95>1! 9'! 26&/%! 15%:#(&1! 29! /'2&%#(2! $&--! $/26! >9-3=&%! =#2%/(&1*! )9! /=>%90&! 26&!
15%:#(&!(9'7/2/9'!9:!&T:9-/#2&7!4%#>6/2&!1#=>-&1a!0#%/951!15%:#(&!2%&#2=&'21!$&%&!#>>-/&7!9'!26&!
=/(%9$#0&! &T:9-/#2&7! #'7! =/--&7! 4%#>6/2&! '#'9>-#2&-&21! #'7! 26&! 15%:#(&! (9'7/2/9'! $#1!
/'0&12/4#2&7! I3! m8@*! )6&! 2%&#2=&'21! 51&7! $&%&! -/`5/7! 9T/7/,#2/9'! I3! 15-:5%/(! #(/7a! >-#1=#!





P%#>6/2&! '#'9>-#2&-&21!$&%&! 7/1>&%1&7! 9'! #'! #-5=/'5=! :9/-! #'7! (90&%&7! I3! #! 12#/'-&11! 12&&-!
=&16*!)6&'!26&!1#=>-&!$#1!2%&#2&7!I3!NU!>-#1=#!#2!#'!RY!-&0&-!9:!AZc![UCAO\*!!J:2&%!26&!:/%12!
2%&#2=&'2a!26&!1#=>-&!$#1!%&D7/1>&%1&7!9'!26&!:9/-!#'7!26&!>%9(&11!$#1!%&>&#2&7!E!2/=&1*!)6&!
292#-! 2%&#2=&'2! 2/=&!$#1!B!=/'52&*!)6&!m8@!7#2#! %&0&#-&7! 26#2! 26&!NV;! %#2/9! /'(%&#1&7! /'!#--!












P%#>6/2&!'#'9>-#2&-&21!$&%&!7/1>&%1&7! /'!#!>&2%/! 7/16!#'7!>-#(&7! /'!#'!90&'!$6/(6!$#1! :/--&7!
$/26! 9,9'&! *! [;9'(&'2%#2/9'b! UZZZ! >>=\! )6&'! 26&! 1#=>-&1!$&%&! 6&#2&7! #2! SZo;! :9%! UZ!=/'*!
+5%/'4!26/1!2/=&!26&!1#=>-&!$#1!%&D7/1>&%1&7!1&0&%#-!2/=&1!19!26#2!26&!#--!26&!4%#>6/2&!>-#2&-&21!
$&%&!&T>91&7! 29! 26&!9,9'&!&'0/%9'=&'2*!m8@! %&0&#-&7! 26#2! 26&!NV;! %#2/9!$#1!'92! /'(%&#1&7!
#:2&%! 26&! 2%&#2=&'2a!1544&12/'4! 26#2! 26/1! 2%&#2=&'2! /1!'92!&::&(2/0&! :9%! 26&1&!4%#>6/2&!=#2&%/#-1*!
Y5'(2/9'#-/23! #'#-31/1! 15>>9%2&7! 26/1! (9'(-51/9'*! )6/1! 2%&#2=&'2! (95-7! I&! &::&(2/0&! :9%!








A=/'*!)6&!NV;! %#2/9!$#1!'92! /'(%&#1&7!#:2&%! 26&! 2%&#2=&'2a!1544&12/'4! 26/1! 2%&#2=&'2!$#1!'92!
&::&(2/0&! :9%! 26&1&! 4%#>6/2&! =#2&%/#-1*! Y5'(2/9'#-/23! #'#-31/1! 169$&7! 26/1! >%9(&11! (95-7!
/'2%975(&! (#%I9T3-! 4%95>1a! I52! '92! 1/4'/:/(#'2-3*! ]2! /1! (9'1/7&%&7! 26#2! 26/1! 2%&#2=&'2! /1! #-19!




P%#>6/2&! '#'9>-#2&-&21! $&%&! :/%12! 2%&#2&7! $/26! NU! >-#1=#! 29! /'2%975(&! (#%I9T3-! 4%95>1a! 26&'!
7/1>&%1&7!/'!2&2%#&263-&'&>&'2#=/'&![)<8J\!#'7!6&#2&7!#2!B_Zo;!:9%!A!695%1!29!4%#:2!)<8J!I3!
:9%=/'4!#=/7&!-/'M#4&1!hUGaUCi*!)6&!1#=>-&!$#1!$#16&7!$/26!7/12/--&7!$#2&%!#'7!=&26#'9-a!26&'!
7%/&7! /'! #! 0#(55=! 90&'*! )6&! m8@! 7#2#! %&0&#-&7! 26&! NV;! %#2/9! $#1! '92! /'(%&#1&7! #:2&%! 26&!
2%&#2=&'2a! I52! '/2%94&'! $&%&! /'2%975(&7! #'7! 26&! QV;! %#2/9! $#1! /'(%&#1&7! 1/4'/:/(#'2-3a!
1544&12/'4!=#'3! :5'(2/9'#-! 4%95>1! 26#2! /'(-57&! '/2%94&'!$&%&! #22#(6&7! 29! 26&! 15%:#(&! 9:! 26&!
1#=>-&*! Y5'(2/9'#-/23! #'#-31/1! %&0&#-&7! 26#2! >%/=#%3! #'7! 1&(9'7#%3! #=/'&1! $&%&! 26&! =#/'!
:5'(2/9'#-! 4%95>1! /'2%975(&7! 9'! 26&! 4%#>6/2&! 15%:#(&v! #=/7&! 4%95>1!$&%&! #-19! #77&7*! )6&1&!
:5'(2/9'#-!4%95>1!(#'! %&#(2!$/26!&>9T3!=#2%/T!#'7! :9%=!(90#-&'2!I9'71*!)651a!#=/'&!4%#:2/'4!
2%&#2=&'2!(95-7!/=>%90&!26&!15%:#(&!(9'7/2/9'!9:!26&!&T:9-/#2&7!4%#>6/2&!#'7!>92&'2/#--3!&'6#'(&!




P%#>6/2&! '#'9>-#2&-&21!$&%&! 2%&#2&7!$/26!NU! >-#1=#! 29! /'2%975(&!>&%9T/7&! 4%95>1a!$6/(6! (#'!





#'7! '/2%94&'! (9'2&'21*! )6&! :5'(2/9'#-/23! #'#-31/1! %&0&#-&7! 26#2! #=/7&! 4%95>1! $&%&! 26&! =#/'!
:5'(2/9'#-!4%95>1!/'2%975(&7v!>%/=#%3!#'7!1&(9'7#%3!#=/'&1!$&%&!#-19!#77&7*!)6&1&!:5'(2/9'#-!
4%95>1!(#'!:9%=!(90#-&'2!I9'71!$/26!19=&!>9-3=&%1a!/'(-57/'4!&>9T/&1a!#'7!/=>%90&!#76&1/9'!
I&2$&&'! 26&! =#2%/T! #'7! %&/':9%(&=&'21*! )651a! 26/1! 2%&#2=&'2! (95-7! 9::&%! 0&%3! 4997!







#'!N='/!X]! -&'1!#11&=I-3*! !)6&! /'12%5=&'2!$#1!9>&%#2&7!$/26!#!>#11!&'&%43!9:!_E*_Z!&X!:9%!
15%0&3! 1(#'1! #'7! U_*EA! &X! :9%! %&4/9'#-! 1(#'1*! ! J--! >&#M1! $&%&! %&:&%&'(&7! 29! #70&'2/2/951!













?O!?/--&7! ;! N! Q! u%! Nr! NV;! QV;!
Q9!
)%&#2=&'2! _B*BC! S*ZU! Z*ZZ! Z*SB! G*FB! Z*ZCZE! Z*ZZZZ!
NU!8-#1=#! SS*SA! BZ*EZ! Z*ZZ! Z*SA! S*GZ! Z*Z_GS! Z*ZZZZ!
WQNE! _U*UC! G*_E! Z*ZZ! Z*GB! A*CU! Z*ZGUZ! Z*ZZZZ!
NEVW&#2! _F*_U! F*_G! Z*ZZ! Z*BB! F*CF! Z*ZF__! Z*ZZZZ!
.XVNE! _F*_A! A*ZU! Z*ZZ! Z*BZ! F*SUEE! Z*ZAZS! Z*ZZZZ!
)<8J! SS*GS! A*G_! A*US! Z*EG! F*_CA! Z*ZAGB! Z*ZA_C!
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;Y! SS*_Z! _*EZ! B*GZ! Z*ZZ! Z*ZZ Z*UA Z*ZZ Z*ZZ _*EZ Z*BZFG! Z*ZBSZ! Z*ZZZZ
XP;Y! _A*ZC! F*_F! Z*ZZ! Z*ZZ! Z*ZZ Z*ZZ Z*ZZ Z*ZZ F*_F Z*ZAUZ! Z*ZZZZ! Z*ZZZZ



















;Y! BCA! CUZZ! UF*E! BG! B*SB!
XP;Y! AZDBZZ! BAZ! EEEDGGG! UA! U*Z!





















   CH 3
Z   CH3
   CH3 X





CH3CH 2 OCH 2CH
md^dulA*E
A. Epon 828 
B. Jeffamine T403 
K+3Q"&$?J#!!!87&:+62.$59"Q69Q"&$<'$!+3.(6+S(.$&97&"$<'$R+5;7&,<.$)$F)=$M;<,$B?B=$07&..$
87&:+62.$8<#I$2,S$%&''2:+,&$WJZ@$Fb=$*Q,95:2,$X&9"<67&:+62.$8<#I!













;Y! B*ASG! U*_GF! Z*FAC! B*ZBE! Z*AAE! B*EFC! Z*ZZZ!
XP;Y! U*SAB! Z*_EG! Z*ZZZ! B*AAA! Z*ZZZ! Z*ZZZ! Z*ZZZ!



































C: Carbon Black 
(Scale bar = 5 um) 
A: PAN based Carbon Fiber 
 (Scale bar = 200 um) 
B: VGCF 
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?O!<T:9-/#2&7!P%*! B*BE! B*_E! Z*ZZB! E*BU!
?O!#'7!?/--&7!P%*! F*_Z! S*BC! BA! E*UF!
;Y! A*_Z! _*CG! Z*F! E*UG!
XP;Y! B*Z_! B*SC! Z*ZE! E*ZE!
;#%I9'!L-#(M! B*U_! U*ZZ! Z*ZB! E*ZE!
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'&$! 23>&! 9:! 4%#>6/2&! =#2&%/#-! 7&0&-9>&7! #2! ?@.! 6#1! #! %&#-/12/(! >911/I/-/23! 9:! %&>-#(/'4!










































%&/':9%(&7! >9-3=&%! (9=>91/2&1a! 26&! :%#(25%&! >%9(&11! (95-7! I&! #! (9=I/'#2/9'! 9:! =5-2/>-&!
=&(6#'/1=1*!]:! 26&!I9'7/'4!I&2$&&'!=#2%/T!#'7!:/I&%1!$#1!>&%:&(2a! 26&!:#/-5%&!$95-7!9((5%!I3!
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!




! " ! " ! "& ' 212132322212
1 //////// #0#0#$1 effyield !!!!!!!!!!!!!!!!!!!![B\!
$6&%&!!eff!/1!26&!&::&(2/0&!12%&11!9:!26&!=#2&%/#-!#'7!!1 %$a $!2  and !3 #%&!26&!12%&11&1!/'!7/%&(2/9'1!Ba!
Ua!#'7!E*!!]'!26&!(#1&!9:!>-#'&!12%&11a!9'-3$ !1 %$a $!2  and !3 &T/12*!@9!26&!&`5#2/9'!I&(9=&1a!




J'! /'(-51/9'! /'! #! >9-3=&%! =#2%/T! 515#--3! (#51&1! #! 12%&11! (9'(&'2%#2/9'a! $6/(6! (95-7! /'/2/#2&!
(%#(M/'4! #'7V9%! >-#12/(! :#/-5%&*! )6&! 12%&11! :/&-7! (#'! I&! #::&(2&7! I3!=#'3! :#(29%1! 15(6! #1! 26&!
16#>&!26&!/'(-51/9'a!26&!=9%>69-943!9:!26&!1312&=a!#!=/1=#2(6!/'!&T>#'1/9'V16%/'M#4&a!#'7!26&!
#76&1/9'! I&2$&&'! =#2%/T! #'7! /'(-51/9'1*! )9! 7&1/4'! 4997! (9=>91/2&! 1312&=1! :9%! #! 1>&(/:/(!
#>>-/(#2/9'a! /2! /1! /=>9%2#'2! 29! 5'7&%12#'7! 26&! &::&(21! 9:! 26&1&! :#(29%1! 9'! 26&! >%9>&%2/&1! 9:!
(9=>91/2&!1312&=1*!!
!
)9! &0#-5#2&! 26&! -9(#-! 12%&11! :/&-71! 9:! (9=>91/2&! 1312&=1a! 1/'4-&! /'(-51/9'! =97&-1! $&%&!
/'0&12/4#2&7!:/%12!hEFaEAi*!)6&1&!=97&-1!%&>%&1&'2!26&!7/-52&!/'(-51/9'!(9'7/2/9'*!O6&'!/'(-51/9'1!
#%&!(-91&-3!>#(M&7a!9'! 26&!926&%!6#'7a! 26&!12%&11! :/&-71! :%9=! 26&! /'(-51/9'1! /'2&%#(2!$/26!&#(6!
926&%a! :9%=/'4! 0&%3! (9=>-&T! 12%&11! :/&-71*! )9! 19-0&! 26/1! >%9I-&=a! #! '&$! (9'(&>2! (#--&7! 26&!
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&::&(2/0&!=&7/5=!#>>%9#(6!6#1!I&&'!/'2%975(&7!hEGaECaESi*!]'!26/1!(#1&a!26&9%&2/(#-!(#-(5-#2/9'1!
515#--3! #115=&! 26#2! 26&! /'(-51/9'1! #%&! #%%#'4&7! /'! >&%/97/(! $#31! hE_aFZaFBaFUaFEi*! )6/1!
#>>%9#(6! /1!51&:5-! 29!>%&7/(2! 26&!&::&(2/0&! [4-9I#-\!&-#12/(!#'7! 26&%=#-!(9'12#'21a!I52! /2!(#''92!
6#'7-&!26&!-9(#-!12%&11!:/&-71!/'!(9=>91/2&!1312&=1!$/26!%#'79=-3!9%/&'2&7!/'(-51/9'1*!!
!
]'! %&#-!(9=>91/2&!1312&=1a! 26&!7/1>&%1/9'!9:! /'(-51/9'1! /1!4&'&%#--3!7/19%7&%&7*!)9! /'0&12/4#2&!
26&!&::&(2!9:! 26&! !#%%#'4&=&'2!9:! /'(-51/9'1!9'! 26&! -9(#-!12%&11! :/&-71!#'7!&::&(2/0&!>%9>&%2/&1a!
=97&-1!$/26!2$9!'&/46I9%/'4!/'(-51/9'1!6#0&!I&&'!51&7!hFFaFAaFGi*!
!
)6&! 9IK&(2/0&! 9:! 26/1! %&1&#%(6! $#1! 29! /'0&12/4#2&! 26&! &::&(2! 9:! 26&! 16#>&! #'7! 4&9=&2%/(!
#%%#'4&=&'2! 9:! /'(-51/9'1! 9'! 26&! -9(#-! 12%&11&1! /'! '#'9(9=>91/2&! 1312&=1*! *! )6&! :#(29%1!
/'0&12/4#2&7!$&%&![B\!26&!16#>&!9:!#'!/'(-51/9'a![U\!26&!#1>&(2!%#2/9!9:!#'!/'(-51/9'a!#'7![E\!26&!
4&9=&2%/(! #%%#'4&=&'2! 9:! /'(-51/9'1*! @/'4-&D/'(-51/9'! :/'/2&! &-&=&'2! =97&-1! $&%&! 51&7! 29!
/'0&12/4#2&!26&!:/%12!2$9!:#(29%1!$6/-&!2$9D/'(-51/9'!=97&-1!$&%&!51&7!29!/'0&12/4#2&!26&!-#12!9'&*!
]'!26&!(#1&!9:!2$9D/'(-51/9'!=97&-1a!26&!/'(-51/9'1!$&%&!'92!#--9$&7!29!90&%-#>!&#(6!926&%*!)9!
:9(51! 9'! 26&1&! :#(29%1a! >&%:&(2! I9'7/'4! I&2$&&'! /'(-51/9'1! #'7!=#2%/T!$#1! #115=&7! #'7! '9!




)6&! 19:2$#%&! 51&7!$#1! JQ@^@! AC*! ]'! 26&! 1/=5-#2/9'a! 26&! `5#7%/-#2&%#-! >-#'&! &-&=&'21! $&%&!
51&7! 19! 26#2! &#(6! &-&=&'2! $#1! 7&:/'&7! I3! &/462! '97&1! #'7! &#(6! '97&! 6#7! 2$9! 7&4%&&1! 9:!
:%&&79=! /'! 26&! TD! #'7! 3D! 7/%&(2/9'1*! J--! 26&! 1/=5-#2/9'1! $&%&! 79'&! 5'7&%! 26&! >-#'&! 12%&11!
(9'7/2/9'*!L3!#11/4'/'4!13==&2%/(!I95'7#%3!(9'7/2/9'1!9'!26&!TD!#'7!3D!#T/1a!9'-3!#!`5#%2&%!9:!










































































































(A) 302 Model (B) 452 Model 





















(E) Hexagon Model 2


































26&! %&/':9%(&=&'21!$#1! :/T&7a! I52! 26&! 26/(M'&11!$#1! (6#'4&7! 29! #7K512! 26&! #1>&(2! %#2/9*! )6&!
#1>&(2! %#2/91! /'0&12/4#2&7! $&%&! UZZa! BZZa! AZa! UZa! BZa! Aa! #'7! B*! )6&! 12%&11! 7/12%/I52/9'! $#1!
#'#-3,&7! 5'7&%! 2$9! 7/::&%&'2! /'>52! 12%&11! (9'7/2/9'1a! 9'&! /'! 26&! mD! #'7! 26&! 926&%! /'! 26&! ^D
7/%&(2/9'*!]'!I926!(#1&1a!26&!12%&11&1!$&%&!#>>-/&7!9'!26&!-/'&1!$6/(6!$&%&!26&!1#=&!7/12#'(&!





X=0.25, 0.5, 1, 2.5, 5, 10 
Aspect Ratio = 200, 100, 50, 20, 10, 5 
 
(0,0) (X,0)
(X + 50, 0) 
(0,50) 
(X, 50) 










(0,0) (5,0) (55,0) 
(0,5) 
(0, 55) 





;9=>91/2&1! $/26! 2$9! #-/4'&7! >-#2&D-/M&! :/--&%! >#%2/(-&1! $/26! #! :/T&7! #1>&(2! %#2/9! 9:! UZ! $&%&!
=97&-&7*!)6&!7/12#'(&!I&2$&&'! 26&! 2$9! :/--&%!>#%2/(-&1!$#1!=&#15%&7! /'!=5-2/>-&1!9:! 26&! :/--&%!
26/(M'&11*!)6&!12%&11!7/12%/I52/9'!$#1!#'#-3,&7!5'7&%!2$9!7/::&%&'2!/'>52!12%&11!(9'7/2/9'1a!9'&!
/'! 26&! mD! #'7! 26&! 926&%! /'! 26&! ^D7/%&(2/9'*! ]'! I926! (#1&1a! 26&! 12%&11&1!$&%&! #>>-/&7! 9'! -/'&1!
$6/(6!$&%&! 26&! 1#=&!7/12#'(&! :%9=! 26&! %&/':9%(&=&'2*!K+3Q"&$ JH! 169$1! 26&! 7&2#/-1! 9:! 26&1&!
=97&-1*!]'!&#(6!=97&-a!26&!&'4/'&&%/'4!(9'12#'21!9:!%&/':9%(&=&'2!/'!7/%&(2/9'!E!$&%&!#11/4'&7!















Input Stress Y 













    (X,0)  (X+2,0) 
X=1, 2, 4, 6, 8, 12, 
16 20

























12%&11&1! $&%&! #>>-/&7! 9'! 26&! -/'&1a! $6/(6! $&%&! 26&! 1#=&! 7/12#'(&! :%9=! 26&! %&/':9%(&=&'2*!

















26&! -9$&12! >%&7/(2&7! (9=>91/2&! 12%&'426*! )6&!=#T/=5=! &::&(2/0&! [09'!?/1&1\! 12%&11&1! /'! 26&!
































/'/2/#2&! 26&! :#/-5%&!9:! 26&!1312&=*!@/'(&! 26&!EZ2!=97&-!169$1! 26&!6/46&12!12%&11!(9'(&'2%#2/9'a!




































)6&!#I19-52&! 0#-5&1! 9:!=#T/=5=!12%&11&1! #2! 26&! /'2&%:#(&! /'! &#(6!=97&-! #%&! 15==#%/,&7! /'!
K+3Q"&$JE*!W&T#49'!?97&-!B!169$&7!26&!6/46&12!=#T/=5=!12%&11!/'!26&!^D7/%&(2/9'!:9--9$&7!I3!
W&T#49'!?97&-! U! #'7!N(2#49'!?97&-! Ba! I52! 26&! 7/::&%&'(&!$#1! 1=#--*! @`5#%&! #'7!N(2#49'!
?97&-!U!6#7!-9$&%!0#-5&1a!$6/-&!;/%(-&!?97&-!169$&7!#!7/12/'(2-3!1=#--&%!0#-5&!26#'!26&!926&%1a!







#'7! 26&%&! $#1! '9! 2&'7&'(3! %&-#2&7! 29! 26&! :/--&%! 16#>&*! )6&! @`5#%&! =97&-! 169$&7! #! 6/46&%!
=#T/=5=! 16&#%! 12%&11a! $6/-&! 26&! ;/%(-&! ?97&-! 6#7! #! -9$&%! 0#-5&*! ]'! 26/1! 7/%&(2/9'! #-19a! 26&!






























































































































)6&! =#T/=5=! &::&(2/0&! 12%&11! 0#-5&1! /'! 26&! =#2%/T! %&4/9'! /'! &#(6! =97&-! I#1&7! 9'! 26&! 09'!
?/1&1! &`5#2/9'! #%&! 15==#%/,&7! /'!K+3Q"&$ HZ*! )6&!=#T/=5=!12%&11! #>>&#%&7!#2! (9%'&%!J! /'!
W&T#49'!?97&-!B!#'7!26&!;/%(-&!?97&-a!$6/-&!/2!169$&7!5>!#2!(9%'&%!L!/'!926&%!=97&-1*!J-19a!
26&! ;/%(-&! ?97&-! 169$&7! #! (9'1/7&%#I-3! 1=#--&%! =#T/=5=! &::&(2/0&! 12%&11! (9=>#%&7! 29! 26&!









7/%&(2/9'1! #%&! 169$'! /'!K+3Q"&$ HC*! ]'! 26&! (#1&!$6&%&! 26&! /'>52! 12%&11!$#1! #>>-/&7! /'! 26&! ^!
7/%&(2/9'a!26&!=#T/=5=!12%&11!#2!26&!/'2&%:#(&!$#1!/'(%&#1&7!$/26!/'(%&#1/'4!#1>&(2!%#2/91*!)6/1!
%&15-2!>%&7/(21!26#2!(9=>91/2&1!$/26!6/46&%!#1>&(2!%#2/91!$95-7!6#0&!-9$&%!12%&'4261!5'7&%!15(6!
#! (9'7/2/9'*!O6&'! /'>52! 12%&11!$#1! #>>-/&7! /'! 26&!mD7/%&(2/9'a! 26&!=#T/=5=! 12%&11! /'! 26&!mD
7/%&(2/9'!7&(%&#1&7!$/26! /'(%&#1/'4!#1>&(2! %#2/9!$6/-&! 26#2! /'! 26&!^D7/%&(2/9'! /'(%&#1&7*!)6&1&!
0#-5&1! %&0&%1&7!#2! 26&!>9/'2!$6&%&! 26&! #1>&(2! %#2/9!$#1!#%95'7!UA*! )6&! 16&#%! 12%&11! 9'! 26&!
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#'!9>2/=#-!#1>&(2! %#2/9! 29!=/'/=/,&!12%&11!(9'(&'2%#2/9'!5'7&%! 26/1! (9'7/2/9'*! ]:! 26&! :/--&%1!#%&!
%#'79=-3!9%/&'2&7! /'!#!(9=>91/2&a! 26&! 2&'1/-&!12%&11&1!$/--!I&! 26&!79=/'#'2! :#(29%!1/'(&! 26&%&!
1695-7!#-$#31!I&!19=&!:/--&%1!26#2!#%&!#-/4'&7!>#%#--&-!29!26&!/'>52!12%&11*!
!
)6&!=#T/=5=!&::&(2/0&!12%&11!0#-5&1! /'! 26&!=#2%/T! %&4/9'!#%&!15==#%/,&7! /'!K+3Q"&$ H?*!)6&!
%&15-21!169$&7! 26&!1#=&! 2&'7&'(3! 26#2! 26&!=#T/=5=!12%&11!#2! 26&! /'2&%:#(&!7/7*!O6&%&! /'>52!
12%&11!$#1!#>>-/&7!/'!26&!^D7/%&(2/9'a!26&!&::&(2/0&!12%&11!/'(%&#1&7!#2!-#%4&!#1>&(2!%#2/91a!$/26!#!



















































)6&!=#T/=5=! 12%&11&1! #2! 26&! /'2&%:#(&! #%&! 169$'! /'!K+3Q"&$ H@*! J--! 12%&11&1! /'(%&#1&7!$/26!
7&(%&#1/'4!7/12#'(&!I&2$&&'!26&!:/--&%!>#%2/(-&1*!<1>&(/#--3!/'!26&!(#1&!9:!/'>52!12%&11!/'!26&!^D
7/%&(2/9'a! 26&! =#T/=5=! 12%&11&1! #2! 26&! /'2&%:#(&! /'(%&#1&7! 1/4'/:/(#'2-3! $6&'! 26&! 7/12#'(&!
I&(#=&!1=#--&%*! ]'! 26&!(#1&!9:! 26&! /'>52! 12%&11!$#1!#>>-/&7! /'! 26&!mD7/%&(2/9'a! 26&!=#T/=5=!










-9$&%! /'>52! 12%&11!$6&'! 26&! :/--&%1!$&%&! #-/4'&7! #'7! (-91&-3! >#(M&7a! -&#7/'4! 29! 90&%#--! -9$&%!







)6&! =#T/=5=! 12%&11&1! #2! 26&! /'2&%:#(&! #%&! 169$'! /'! K+3Q"&$ HH*! ;9=>#%&7! 29! 26&! 926&%!
>#%#=&2&%1a!26&!1>#(/'4!>%975(&7!-/22-&!(6#'4&*!<#(6!12%&11!7/7!169$!#!=/'/=5=!0#-5&!#2!19=&!









































































































































































7#2#! 169$! I926! m! #'7! ^! 12%&11&1! 169$! #! =/'/=5=! #2! #! 7/12#'(&! #%95'7! G! 29! S*! )651a! 26&!














































e! ;9%'&%1! $/26! 16#%>! #'4-&1! /'2%975(&! 6/46&%! 12%&11! (9'(&'2%#2/9'1*! ;/%(5-#%! 9%! %95'7!
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(%&#2/'4! 6/46! 12%&11! (9'(&'2%#2/9'1*! ]'! 26/1! (#1&a! 26&!=#2&%/#-! =#3! '92! %&#(6! 26&! >&%(9-#2/9'!
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(9'(&'2%#2/9'*! )6&! 1/=5-#2/9'1! %&0&#-&7! 26#2! 26&%&! $#1! #'! 9>2/=#-! 7/12#'(&! :9%! >#%#--&-D:/--&%!
1312&=1a!$6/(6!#>>&#%&7!29!I&!#%95'7!U!29!F!2/=&1!26&!26/(M'&11!9:!26&!:/--&%1*!)651a!29!=#/'2#/'!
#!7/12#'(&!I&2$&&'! :/--&%1!15(6! 26#2! 25''&-/'4!9((5%1! [#I952!BZ!'=!#2! %99=! 2&=>&%#25%&\a! 26&!
26/(M'&11! 9:! 26&! :/--&%1! 1695-7! I&! A! '=! 9%! -&11*! ! Y%9=! 26&1&! %&15-21a! #! '#'9(9=>91/2&!
=9%>69-943!$6/(6! (95-7! 169$!4997!=&(6#'/(#-! #'7!&-&(2%/(#-! >%9>&%2/&1!#2! 26&! 1#=&! 2/=&! /1!
>%9>91&7!/'!K+3Q"&$HG*!
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!
?#/'2#/'!&'9546!7/12#'(&!
N>2/=#-!7/12#'(&!:9%!12%&11!2%#'1:&%!
!
!!;-91&!&'9546!:9%!25''&-/'4![BZ'=\!
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5:O:5:*6:3!
!
B*! O6/2&1/7&1a!P*!?*a!n*!8*!?#26/1#1a!#'7!;*!)*!;&29a!@(/&'(&a!?HJa!BEBU![B__B\*!
U*! P-&/2&%a!W*!aJ70*!?#2&%*a!Ja!FCF![B__U\*!
E*! Q90#Ma!L*!?*a!J70*!?#2&%*a!Ha!FUU![B__E\*!
F*! j9=#%&'/a!@*a!n*!?#2&%*!;6&=*a!?a!BUB_![B__U\!
A*! 86/-/>>a!P*!#'7!W*!@(6=/72a!n*!Q9'D(%312*!@9-/71a!A@a!USE![B_SF\!
G*! 86/-/>>a!P*!#'7!W*!@(6=/72a!n*!Q9'D(%312*!@9-/71a!B?a!EB![B_SG\*!
C*! W5#'4a!W*!W*a!L*!N%-&%a!#'7!P*!"*!O/-M&1a!?#(%9=9-&(5-&1a!?Za!BEUU![B_SC\!
S*! "#'4-&3a!R*a!P*!;*!?I#6a!W*!J*!Y%&&=#'a!W*!W*!W5#'4a!<*!n*!@/9(6/a!)*!;*!O#%7a!#'7!P*!O/-M&1a!n*!
;9--9/7!]'2&%:#(&!@(/*a!CJ@a!EZ_![B__B\*!
_*! <--1$9%26!?*!O*a!#'7!L*!?*!Q90#Ma!;6&=*!?#2&%*!Ha!SE_![B__E\!
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